of the primary concerns of ESBS has always been the ever-present risk of postoperative CSF leaks. Although recent studies from experienced centers have reported rates of CSF leak approaching 0%, many centers still have leak rates just under 10%. 5, 19, 38, 48 Moreover, as new practitioners adopt the extended endonasal approaches into their practices, CSF leaks may occur with high frequency early on the learning curve.
14,30 Surprisingly, rates of CSF leaks following ESBS are now lower than those following conventional skull base procedures. 6 Vascularized flaps, such as the nasoseptal flap, and robust reconstruction techniques, such as the "gasket-seal," have been shown to significantly decrease the rates of a postoperative CSF leak. 8, 13, 20, 25, 30, 31 Nevertheless, a common situation encountered in the clinic following ESBS is the patient with serosanguineous nasal drainage, often a combination of nasal secretions, blood, mucus, hemostatic agents, and possibly CSF. In such a situation, the suspicion of a CSF leak is often raised and maneuvers such as checking the fluid for glucose or beta-2 transferrin may yield ambiguous results or take several days for a definitive answer. Additionally, an imaging study such as a CT or MRI may show a significant amount of intracranial air, raising further suspicion for a CSF leak. Serial scans looking for increasing air may take several days. We hypothesized that the specific pattern of intracranial pneumocephalus on postoperative imaging might help differentiate "benign" pneumocephalus, namely that which is expected after surgery, from "suspicious" pneumocephalus, namely that created by a persistent CSF leak. The purpose of this study was to identify the patterns of air that are more likely associated with a postoperative CSF leak, as well as those that are normal, to help the clinician interpret postoperative imaging studies and aid in the decision-making process to either place a lumbar drain or possibly return the patient to the operating room for exploration and repair.
Methods

Patient Population
After obtaining appropriate institutional review board approval, we reviewed prospectively acquired information in our database of patients undergoing ESBS between December 2003 and May 2012. To assess the impact of the learning curve on the risk of postoperative CSF leaks, patients were divided in one of two groups: those treated before 2008 (32.1%) and those treated after 2008 (64.2%). Since 2008 we have settled on a standard closure algorithm that has led to a significant drop in cases of postoperative CSF leak. Only patients with purely endonasal endoscopic procedures and a minimum follow-up of 6 months were included. Patients with either brain CT or MRI images obtained within the first 10 postoperative days were selected for this study. In general, all patients undergo postoperative MRI while in the hospital to assess for the extent of resection. Hence, there was no bias toward imaging those patients with suspected postoperative CSF leaks. Computed tomography scans were sometimes obtained in patients in whom MRI was contraindicated because of metal implants or in those in whom a CSF leak was suspected and the delay for MRI would be too long. Seventy-three patients were excluded because appropriate imaging studies were lacking. We used the earliest available postoperative examination and recorded the day of study and imaging modality (CT vs MRI). Patients with documented pneumocephalus on preoperative studies were also excluded. Intraoperative CSF leaks were determined by the visualization of fluorescein, which was administered intrathecally to all patients either through a lumbar puncture or lumbar drain just after induction of anesthesia. Only patients with confirmed intraoperative CSF leaks, as documented by visualization of fluoresceinstained CSF, were included in the study, because fluorescein is 100% specific for intraoperative CSF leaks. 44 We excluded patients without an intraoperative CSF leak since their rates of postoperative pneumocephalus and postoperative CSF leak would be negligible. Demographic data, body mass index (BMI), histopathological diagnosis, endoscopic corridor, extent of resection, and preoperative or postoperative placement of lumbar drains were recorded along with return to the operating room for repair of a CSF leak. Additionally, for tumor cases, the extent of resection was assessed by a neuroradiologist, and neartotal resection (NTR) was defined as greater than 95% resection based on comparison of preoperative and postoperative tumor volume on volumetric spoiled GRASS sequences. Since this paper is not addressing ability to achieve gross-total resection, we used NTR as a marker for an aggressive excision.
Radiological Analysis
Only scans obtained within the first 10 postoperative days were used for this study. The majority of imaging studies (90%) were obtained within the first 4 postoperative days. The presence of pneumocephalus was analyzed on all available CT sequences, with special emphasis on bone window sequences and/or on MRI studies, specifically on T1-weighted postcontrast and T2-weighted images, using coronal, axial, and sagittal sections. Air was identified based on the characteristic hypodense intensely black appearance on CT scans (-1000 Hounsfield units) or the hypointense aspect on MR images, both on T1-and T2-weighted sequences. Furthermore, based on thin 3-mm MRI sequences with no skip, we were capable of carefully tracking small, hypointense circular areas in contiguous slices to clearly distinguish blood vessels, displaying continuity, from air bubbles, with no continuity on adjacent sequences. This was further confirmed on postcontrast T1-weighted sequences.
We recorded both the location and the size of pneumocephalus. Seven different anatomical patterns emerged: frontal (that is, centered behind the frontal sinus), convexity (that is, not in continuity with air centered behind the frontal sinus), interhemispheric, intraventricular, sellar, parasellar, and perimesencephalic locations (Fig. 1) . To characterize the degree of pneumocephalus, scores were given based on the following scale: 0 (none), 1 (dots [< 1 mm of air]), 2 (bubbles [< 1 cm of air]), 3 (1-3 cm of air), and 4 (> 3 cm of air) (Fig. 2) . Size was established based on the largest diameter, regardless of sequence. If multiple air pockets of variable sizes were present in a single location, the largest pocket was chosen as the degree of pneumocephalus in that particular location. In many cases, multiple dispersed areas of air were observed in the same location. We did not add the sizes of different air pockets in such cases. Isolated small bubbles, irrespective of number or total amount of air, are proof of a small skull base defect that allows little and intermittent air penetration. A 4-point grading scale was chosen rather than a continuous scale (that is, the volume of air) for several reasons. The first was that it is cumbersome to measure volumes on a CT scan at a bedside clinical assessment of pneumocephalus. However, the clinician can quickly assess whether there are small dots of air, bubbles, or larger pockets (1-3 cm) and > 3 cm air accumulation. Hence, a 4-point scale seemed to be intuitive, easily translatable to the clinic, and also conducive to describing the morphology of intracranial air. A continuous scale of volume would not work as well since the volume of small dots is hard to calculate, the statistics would be more complicated, and volume would be a poor description of the morphology. If there is a string of small dots of air that can add up to a larger volume, is this the same as a large pocket of air? The assessment was carried out by 3 neurosurgeons who performed the grading independently. To assure interobserver reliability, the score chosen was the one given by the majority of graders. If 3 different scores were given, we chose the intermediate score.
Operative Technique and Closure Method
The safety and administration of intrathecal fluorescein have been described in prior studies. 14, 39 In brief, following premedication with dexamethasone and diphenhydramine, all patients received 0.25 ml of 10% intrathecal fluorescein (AK-Fluor, Akorn) via a preoperative lumbar puncture or lumbar drain after induction of anesthesia. Intrathecal fluorescein is 100% specific for intraoperative CSF leak. 44 To further increase sensitivity, we routinely perform a Valsalva maneuver, according to our published protocols.
1,39 Lumbar drains were used in patients with intradural tumors or pituitary tumors > 2.5 cm in diameter with > 1 cm of suprasellar extension, according to our protocol.
14,38 A triple antibiotic regimen, consisting of vancomycin, ceftazidime, and metronidazole, was employed for all patients with intradural tumors, and cefazolin was used for all patients with pituitary tumors and extradural pathology. Navigation was used in all cases. Endoscopic endonasal surgery was performed for all patients. Detailed descriptions of the surgical technique are provided in our previous articles. 7, 9, 11, 12, 30 For statistical power, we divided the approaches into 4 subtypes: 1) transsellar; 2) transplanum; 3) transcribriform, transpterygoid, or transethmoidal; and 4) transcavernous and transclival.
Our method of skull base closure has evolved over the course of this series. 26, 30, 31 Accordingly, many of the CSF leaks we report in this paper occurred early in our experience, before 2008. In the early cases, we used intracranial fat and intermittent overlays of fascia lata, intermittent use of either Tisseel (Baxter) or Duraseal (Covidien), and occasional lumbar drainage. In the latter part of our series, we developed a graded closure algorithm that depends on the pathology and the defect. 38 Assuming an intraoperative CSF leak is encountered, small pituitary tumors are closed using fat, Medpore (Porex Corp.), and Duraseal. Large pituitary tumors are closed using fat, Medpore, a nasoseptal flap, and Duraseal, with lumbar drainage (5 ml/hour for 1 day). Spontaneous CSF leaks or encephaloceles are closed using inlay of Duraguard, fat, and nasoseptal flap, and lumbar drainage is performed (5 ml/hour for 3 days). Intradural tumors are closed with a gasket seal, nasoseptal flap, and Duraseal, and lumbar drainage is performed (5 ml/hour for 1 day).
Statistical Analysis
All statistical tests were conducted using SPSS software (version 20.0 for Macintosh). Continuous variables are reported as mean ± standard error of the mean (SEM) and range. Categorical variables are reported as percentages. A p value of < 0.05 was considered statistically significant. Pearson chi-square testing was used to compare patients with and without pneumocephalus based on sex, pathology, extent of resection, and endoscopic approach using cross-tabulations. Pearson chi-square and Fisher's exact tests were also used to determine the role of sex, extent of resection, and pathology type as risk factors for CSF leaks. Continuous variables between patients with postoperative pneumocephalus and/or CSF leaks were analyzed using the Mann-Whitney U-test or the univariate ANOVA followed by a Tukey or Tamhane T2 post hoc test where appropriate. Odds ratios and 95% confidence intervals were calculated using the Mantel-Haenszel test. Binary logistic regression with Hosmer-Lemeshow goodness-of-fit statistic was used to analyze the predictors of postoperative CSF leaks. This was initially done in a series of univariate analyses and was followed by a permutation-based stepwise multivariate regression analysis, with p = 0.1 and p = 0.05 as cutoffs in the final model.
Results
Patient Cohort
Of 526 patients in our endonasal endoscopic database, there were 258 patients meeting the inclusion criteria, 145 males (56.2%) and 113 females (43.8%). The mean age (± SEM) at the time of surgery was 50. (54.3%), whereas external ventricular drains were necessary in 3 cases (1.2%) for preoperative hydrocephalus. There were 15 patients (5.8%) with documented postoperative CSF leaks ( Table 1) . Only 2 patients had postoperative CSF leaks requiring craniotomy with pericranial flap, and only one of these patients developed meningitis.
For the entire series of ESBS patients (n = 526), there were 102 patients with pneumocephalus (19.4%). However, for the patients with intraoperative CSF leaks included in this study (n = 258) with adequate postoperative imaging, the incidence was 39.5%. None of these patients developed tension pneumocephalus or acute neurological decline. In 187 cases we used MRI scans, as described, for localization and grading; in 23 cases we used CT scans alone and in 48 cases we used both CT and MR images. Computed tomography was mainly performed 3.1 ± 2.6 days (range 1-10 days) postoperatively, while MRI was conducted 2.1 ± 1.2 days (range 1-8 days) postoperatively. When using both MRI and CT, the studies were generally performed not more than 1-2 days apart. In 13 cases we analyzed studies acquired immediately after the surgery or on Day 1 and compared them with studies performed on Days 8-10. In these cases, we did not observe any statistically significant differences in grade or location. Although only a small number of cases were used for this analysis, scans obtained at various time points in the first 10 days after ESBS were considered equally representative of the pneumocephalus pattern.
Pneumocephalus was mostly localized in the frontal (73 patients, 71.5%) and intraventricular (34 patients, 33.3%) areas. Other location patterns were as follows: 22 convexity (21.6%), 17 interhemispheric (16.7%), 17 sellar (16.7%), 16 parasellar (15.7%), and 2 perimesencephalic (2%) ( Table 2 ). In 40 cases, pneumocephalus was identified in more than one location: in 19 patients there were 2 areas, in 8 patients, 3; in 9 patients, 4; in 3 patients, 5; and in 1 patient, there were 6 areas. In terms of size, 51 patients had a Grade 2 and 21 patients had a Grade 3 frontal pneumocephalus. The largest pneumocephalus was a Grade 4 intraventricular pneumocephalus; 16 other patients had a Grade 2 and 17 patients had a Grade 3 intraventricular pneumocephalus. Most patients had small air accumulation in the convexity (n = 18), sellar (n = 14), parasellar (n = 15), interhemispheric (n = 12), and perimesencephalic areas (Grade 2 pneumocephalus, < 1 cm). The highest overall pneumocephalus score was 13, an overlapping of 6 separate areas, and was encountered in 1 patient; most patients had an overall pneumocephalus score of 2 (n = 49 
Predictive/Risk Factors for Pneumocephalus
There was no statistically significant difference in pneumocephalus detection, grade, location, or overall score based on the imaging study-CT versus MRI. Rapid air resorption was noticed in isolated cases in which serial imaging studies were performed in the days following the surgery (Fig. 3) . A Grade 4 intraventricular pneumocephalus 1 day postsurgery became a Grade 2 by 4 days postsurgery. Perimesencephalic pneumocephalus had a slower resorption rate, dropping by 1-10 mm in 6 days. The low number of cases with serial imaging studies limited statistical analysis of these trends. Moreover, we did not find a statistically significant correlation between grade of pneumocephalus and day of postoperative scan when using CT. On the other hand, most air pockets on MRI studies were detected on early scans, in the first 3 postoperative days (76.4%, p = 0.007). Intracranial air can potentially migrate along predetermined paths and shift location. The time frame of this process, however, is unknown. We therefore analyzed the pneumocephalus patterns according to the timing of the scan, in the first 10 postoperative days. If more than one study was available, the latest scan was chosen for this analysis. The only pneumocephalus pattern influenced by the time point of the imaging study was interhemispheric pneumocephalus. The majority of interhemispheric air (78.6%) was detected on scans acquired in the first 4 postoperative days (p = 0.011). Due to the isolated nature of this finding, we attribute it to rapid air resorption in this particular location rather than to the migration of air pockets. Furthermore, the highest overall pneumocephalus scores (> 8) were identified solely in the first 4 postoperative days (p = 0.03). Overall, these findings underscore the importance of early imaging studies in accurately detecting and quantifying pneumocephalus. Age, sex, BMI, and extent of resection did not significantly correlate with presence of pneumocephalus or with the overall pneumocephalus score. Age was only correlated with intraventricular and perimesencephalic pneumocephalus (p = 0.046 and 0.05, respectively). Pathology was significantly associated with the risk of pneumocephalus (p < 0.0001): 27 (87%) of 31 craniopharyngiomas, 23 (68%) of 34 meningiomas, and 7 (50%) of 14 Rathke or epidermoid cysts were associated with pneumocephalus (Table 3) . Grade of frontal (p < 0.0001), intraventricular (p < 0.0001), and parasellar (p = 0.016) pneumocephalus significantly correlated with the pathology diagnosis as well. The grade and location of pneumocephalus directly depended on tumor location and extension. Pituitary adenomas were not significantly correlated with postoperative pneumocephalus: only 20.6% developed pneumocephalus (not significant). The highest pneumocephalus scores were noted in cases of craniopharyngiomas, meningiomas, and Rathke/epidermoid cysts (scores 11-13, p < 0.0001).
Complexity of the approach also significantly correlated with pneumocephalus (p < 0.0001). In the subgroup analysis based on surgical approach (single compartment, sellar approach vs multiple corridor, extended approaches), only 10 (11.2%) of 89 patients undergoing a simple transsellar procedure developed pneumocephalus, compared with 92 (54.4%) of 169 patients undergoing an extended approach. Most patients in whom pure transethmoidal-transcribriform approaches were used also developed pneumocephalus (8 [ 45 ; p = 0.041) and the transplanum-transtuberculum approach (OR 4.9, 95% CI 2.81-8.37; p < 0.0001) were highly associated with postoperative pneumocephalus; transclival (p = 0.007) and transplanum (p < 0.0001) approaches were both significantly correlated with the overall pneumocephalus score as well. As expected, the endoscopic approach directly correlated with the location of pneumocephalus (Table 4) . Moreover, overlapping pneumocephalus was not significantly associated with the transsellar transcribriform or transpterygoid approaches, but it was significant in the transclival (p = 0.019) and transplanum (p < 0.0001) approaches.
Lumbar drains were placed intraoperatively at the start of the operation in patients considered most likely to develop an intraoperative CSF leak. Not surprisingly, 78 (54.5%) of these patients developed pneumocephalus (p < 0.0001). In fact, 76.5% of all patients with pneumocephalus had an intraoperative lumbar drain. All 3 patients with an external ventricular drain developed pneumocephalus. Since lumbar drains were selectively placed in patients at high risk of an intraoperative CSF leak and since an intraoperative CSF leak was predictive of pneumocephalus, we cannot conclude that placement of a lumbar drain created a higher risk of pneumocephalus.
Risk Factors for Postoperative CSF Leak
Body mass index, age, sex and extent of resection did not significantly correlate with risk of a postoperative CSF leak (p = 0.094, 0.669, 0.593, and 1.000, respectively) ( Table 5 ). The mean BMI in patients with CSF leaks was 29.4, whereas in patients without CSF leaks it was 28.7. Most patients in whom postoperative CSF leaks developed did not receive a preoperative lumbar drain (10 of 15, p = not significant). The CSF leaks were evenly distributed according to pathology type; most postoperative CSF leaks were encountered in patients with pituitary adenomas (n = 5 [33.3%]), meningiomas (n = 3 [20%]), and Rathke or epidermoid cysts (n = 3 [20%]); however, this association was not statistically significant. The type 
Pattern and Amount of Pneumocephalus as a Predictor of Postoperative CSF Leak
We then analyzed the relationship between the pattern and amount of pneumocephalus and the development of postoperative CSF leaks. First of all, the presence of pneumocephalus was a risk factor for postoperative CSF leaks, with 10 (9.8%) of 102 patients with pneumocephalus having a documented postoperative CSF leak (p = 0.027, OR 3.3, 95% CI 1.1-9.9). On the other hand, only 5 (3.2%) of 156 patients without pneumocephalus developed a postoperative CSF leak. Conversely, 10 (66.7%) of 15 patients with a postoperative CSF leak developed pneumo- cephalus, while only 92 (37.9%) of 243 patients without a postoperative CSF leak developed pneumocephalus. The average pneumocephalus score in those who developed postoperative CSF leaks was significantly greater than that in those who did not develop a postoperative leak (4.1 vs 2.3, respectively; p = 0.01). Interestingly, most patients with postoperative CSF leaks and pneumocephalus had air confined to only one intracranial compartment (p < 0.0001); the 5 patients with overlapping pneumocephalus and CSF leaks had air in 2 locations (two cases), as well as in 4 (one case), 5 (one case), and 6 (one case). We then analyzed specific patterns based on location and extent of intracranial air; for this purpose, the grade of each location was divided in 2 categories, > 2 and < 2. We found that, more so than just the presence of air, the location of air was a risk factor for postoperative CSF leaks. More precisely, patients with air in the convexity (OR 8.179, 95% CI 2.460-27.195; p = 0.002), interhemispheric region (OR 8.473, 95% CI 2.291-31.331; p = 0.005), and parasellar region (OR 7.669, 95% CI 2.102-27.983; p = 0.007) were more likely to have a postoperative CSF leak.
Frontal and intraventricular pneumocephalus was commonly encountered after ESBS and neither of these locations significantly correlated with endoscopic approach, or with the development of postoperative CSF leak (Table 5) . While 40% of patients with postoperative CSF leaks had frontal pneumocephalus, compared with only 27.6% of patients without a postoperative CSF leaks, this was not statistically significant due to the low-grade pneumocephalus. This finding shows that not only location but also grade should be carefully analyzed and measured on postoperative scans to accurately predict risk of CSF leaks. Having identified individual air patterns correlated with postoperative CSF leak, we then combined these patterns to compare 2 distinct groups of pneumocephalus patterns, "benign" pneumocephalus (frontal and intraventricular) and "suspicious" pneumocephalus (convexity, sellar, parasellar, interhemispheric, and perimesencephalic), to better tease out patients at risk for iatrogenic CSF leaks. Our results show that a "suspicious" pattern of pneumocephalus significantly correlated with postoperative CSF leaks (OR 4.9, 95% CI 1.6-14.2; p = 0.006, Fisher's exact test). Thus, patients with a "suspicious" pneumocephalus pattern have a 4.9 times higher chance of harboring a postoperative CSF leak (Fig. 4) . On the other hand, a "benign" pneumocephalus pattern did not predict development of postoperative CSF leak (OR 1.86, 95% CI 0.6-5.2; p = 0.27; Fisher's exact test). When analyzing the combined scores based on pneumocephalus amount for these 2 subgroups, the "suspicious" pneumocephalus score (4.85 in patients with CSF leaks vs 2.73 in those without CSF leaks) is the only significant parameter (ANOVA, p < 0.0001). Moreover, a "suspicious" pneumocephalus score of > 4 indicated a 7-fold higher risk of postoperative CSF leak (OR 7, 95% CI 1.94-25.255; p = 0.009). This finding shows that grade, along with anatomical coordinates, rather than just location, is the best predictor of postoperative CSF leak development.
Management of Postoperative CSF Leaks
Most postoperative CSF leaks resolved after placement of a lumbar drain. Only 4 patients required surgical intervention. Of these, 3 had pneumocephalus, with 2 patients harboring a small, localized pneumocephalus in the sellar region or in the interhemispheric fissure, considered high-risk locations. Upon endoscopic reoperation, skull base defects were identified in the sphenoid sinus in one case and in the tuberculum/planum sphenoidale in the other. Table 5 offers an overview of all potential predictive factors for postoperative CSF leak. All statistically relevant (p > 0.05) factors were correlated with postoperative CSF leak using a series of univariate logistic regression analyses (Table 6 , left column). Due to the low number of CSF leaks in this cohort, we used a series of permutationbased multivariate analyses to assess the predictive role of these parameters in a combined model. Three models were used such that collinear factors were not included in the same model. First we analyzed the learning curve, transcavernous/transclival approach, and the overall presence of pneumocephalus; we then analyzed the presence and grade of "suspicious" pneumocephalus together with the learning curve and the endoscopic approach. In this multivariate regression analysis, the learning curve, the specific approach, and the presence and score of "suspicious" pneumocephalus were significantly correlated with postoperative CSF leaks ( Table 6 , right column). In a patient undergoing an expanded transclival or transcavernous endoscopic approach with a "suspicious" pneumocephalus of Grade 4 or higher on postoperative imaging, studies to locate a potential CSF leak are indicated.
Discussion
In this article we have described the incidence and patterns of pneumocephalus after ESBS, including risk factors for the development of pneumocephalus and, specifically, those patterns most concerning for predicting the presence of a postoperative CSF leak. Pneumocephalus is found in roughly 40% of patients in whom an intraoperative CSF leak occurs and is more frequent following extended approaches for intradural tumors. Although the presence of pneumocephalus is more common in patients with a postoperative CSF leak, it is by no means pathognomonic of a leak. However, the pattern of air is highly predictive. While frontal and intraventricular air is less concerning, air in the sella and parasellar regions, perimesencephalic cistern, interhemispheric fissure, and convexity is much more common in the setting of a postoperative CSF leak. Since the diagnosis of postoperative CSF leaks is of utmost importance and is often ambiguous after ESBS, this pattern of air may alert practitioners to be highly suspicious of a persistent leak and investigate thoroughly. On the other hand, the absence of air in these locations makes the presence of a leak much less likely.
Postoperative Pneumocephalus
Pneumocephalus, the presence of air in the cranial vault, usually indicates a breach in the meningeal layer. Potential etiologies are intrathecal procedures; barotrauma; congenital, traumatic, or postoperative skull base defects; intracranial gas producing infections; and neoplasms. Spontaneous pneumocephalus has also been described. 15, 17, 32, 46, 50, 52 Initially reported on by Lecat in 1741, 16 ,49 the mechanism of pneumocephalus was further examined in 1884 by Chiari, who advanced the hypothesis of a fistular tract between paranasal sinuses and the cranial cavity. 34 In 1913, Luckett used plain skull radiographs to detect a traumatic pneumocephalus. 47 However, it was Wolff who coined the term in 1914. 49 Postoperative pneumocephalus after intracranial neurosurgery is often identified on postoperative imaging and is a normal and expected finding. Open craniotomies frequently lead to pneumocephalus due to the extensive dural opening and massive CSF leak. Rates are significantly dependent on the type of pathology, with skull base tumors having the highest risk of intracranial air accumulation following surgery.
3 Postoperative airway management can also be a contributing factor.
3 Leaks around cuffed endotracheal tubes can lead to an increase in upper airway pressure, steering accumulating air toward areas with low resistance. A review of the literature demonstrates postcraniotomy rates of intracranial air ranging from 1% to 16%. 24, 27, 40, 41 Some authors have reported a 100% incidence of pneumocephalus if imaging is done within the first 2 days of supratentorial craniotomy. 50 Clearly, the timing and resolution of the imaging technique will alter pneumocephalus rates as air is progressively absorbed after surgery. There is little information on rates of pneumocephalus following ESBS. Muscatello et al. reported only 1 case of pneumocephalus associated with a CSF leak in a 13-patient cohort. 33 In our current series, we found a 19.4% rate for all patients and 39.5% for those patients with an intraoperative CSF leak. One would expect higher rates of pneumocephalus after ESBS since the surgeon cannot fill the cavity with saline at the end of the procedure, as is often done after a craniotomy, to prevent pneumocephalus.
Following ESBS, two important predictive factors for pneumocephalus are cribriform plate penetration and lumbar drains.
3 Shunts and lumbar drains can create a negative pressure gradient, absorbing air into the cranial vault. We have used intraoperative lumbar drains in 140 of our patients (54.3%), 78 of whom developed pneumocephalus (55.7%, p < 0.0001). We employ lumbar drains only in those cases with high risk of dural defects and subsequent CSF leaks. 8 Thus, in the present cohort, the significant association between pneumocephalus and lumbar drains is most likely due to the fact that intracranial air was mostly observed in those patients considered at risk for postoperative CSF leaks. Furthermore, in cases of pneumocephalus combined with a CSF leak, postoperative lumbar drains may be an important therapeutic adjunct. Lumbar drains have not been shown to aggravate or delay resolution of pneumocephalus in such cases.
2
Another important predictive factor of pneumocephalus was pathology. Most patients with craniopharyngiomas and meningiomas, aggressive tumors with bone erosion and/or extensive invasion, had large postoperative pneu- * A series of multivariate analyses were performed using a permutation-based method because the low number of CSF leak cases allowed only 3 factors in the final model per multivariate analysis. Three models were used: learning curve, transcavernous/transclival approach; presence/grade of suspicious pneumocephalus (+/♦) and learning curve; and transcavernous/transclival approach, pneumocephalus (#). † Grade (0-4) and location of pneumocephalus were used for the univariate analysis.
mocephalus. Such tumors create large virtual spaces that are easily filled with air after resection. Furthermore, these tumors frequently require extensive endoscopic approaches, with massive bone drilling and large skull base defects. As expected, 54.4% of patients undergoing extended approaches had postoperative intracranial air, compared to only 11.2% of patients undergoing simple transsellar approaches (p < 0.0001). The transclival/transcavernous approach and the transplanum/transtuberculum approach most frequently led to pneumocephalus.
Postoperative Scans: Diagnosis and Timing
Pneumocephalus is asymptomatic and requires no treatment in the vast majority of cases. Headache and altered consciousness are the most common symptoms; nonspecific symptoms, such as hiccups, nausea, vomiting, seizures, dizziness, and depressed neurological status, are also part of the spectrum of pneumocephalus semiology.
18,29 Diagnosis of pneumocephalus is generally straightforward on head CT scans, regardless of location and size of the pneumocephalus. Due to its very low density (near -1024 Hounsfield units), air appears completely black on CT scans. 36 Frequently, a white rim surrounds the pocket of air, a reconstruction artifact caused by the abrupt change in attenuation compared with the cerebral parenchyma. Despite having a much higher density (-90 Hounsfield units), fat has a similar intensely black appearance on CT scans and must be considered in the differential diagnosis, especially when a fat graft has been used for closure in ESBS. Because of the lack of objective density measurements on MRI, the diagnosis becomes more challenging. Air will appear completely black regardless of the MRI sequence, but depending on the location and morphology, it can mimic blood products or flow voids.
37
Using thin contiguous slices (3 mm) and postcontrast sequences, we were capable of clearly distinguishing air bubbles from normal anatomical structures. Either CT or MRI, performed according to the standard protocols, can be used to assess the location and grade of pneumocephalus postoperatively. Specific sequences and studies are not required for the assessment of intracranial air. In this study we used both CT and MRI scans, with no significant difference in detection or grading of air pockets. The overall pneumocephalus score was not dependent on the type of study.
The timing of scans should also be carefully considered, given the transient nature of intracranial air pockets. Some studies have reported a 15% decrease in incidence by postoperative Day 7 and a 40% decrease by Week 2.
42 In our analysis we used studies acquired in the first 10 days after the procedure. The timing of the CT scans did not impact detection or grading. However, most pneumocephalus was detected on MRI scans obtained in the first 3 days post-ESBS since scans were generally acquired to assess the extent of resection. The incidence and amount of pneumocephalus have been shown to vary depending on the timing of the study, as air can be rapidly absorbed. 21 When using MRI, which has been shown to have a lower sensitivity in detecting intracranial air, early studies should be considered to assess the true extent of post-ESBS pneumocephalus. Air dissects easily through lax parenchymal structures, shifting location and modifying its size. In 13 patients, we were able to compare pneumocephalus patterns on 2 different scans acquired at either 0-1 or 8-10 days after surgery. Although no significant differences were observed in pneumocephalus grade and/or location in this time interval, we cannot completely account for the slow reabsorption of air over the first 10 days after surgery and how this would impact our results. Clearly, a persistent CSF leak would entrain more air over time, whereas the lack of a CSF leak would lead to more rapid reabsorption. In this study, images were obtained to assess for the extent of resection during the postoperative hospital stay, which gave us the necessary control data with which to compare the pattern of air in patients without a suspected CSF leak.
Risk of CSF Leaks Associated With ESBS
The risk of CSF leak and its prevention have been a primary focus in the evolution of ESBS. 10, 19, 35 While the incidence of CSF leaks after transsphenoidal surgery ranges from 1.5% to 10.3%, 43 rates associated with extended approaches for invasive skull base lesions have been reported to be as high as 19.4% in large series. 19 More recently, with the development of novel closure techniques, the leak rates have declined to less than 3%. 31, 38 Nevertheless, early in the learning curve of the procedure, leak rates can be quite high and the leaks require immediate identification and treatment to prevent tension pneumocephalus and meningitis. Specific endoscopic approaches and certain pathology have been associated with a higher risk of postoperative CSF leaks. 19, 33, 48 Adjuvant therapies, such as radiation treatment, can decrease graft patency and impede healing. Likewise idiopathic intracranial hypertension associated with a high BMI and young age can also increase the risk of a leak. 4, 45 In the present population, age, sex, and BMI did not significantly correlate with CSF leaks. This is not entirely surprising since cranial defects were not spontaneous but rather iatrogenic and the persistence of a leak had more to do with the size of the skull base opening and the success of the repair than the patient's body habitus. Although the primary focus of the present study was not the identification of risk factors for postoperative CSF leaks but, rather, risk factors for postoperative pneumocephalus and patterns of pneumocephalus as predictors of postoperative CSF leaks, the identification of other risk factors of CSF leaks in our patients was necessary to understand the role of pneumocephalus as a marker of CSF leaks. In our series, pathology was not a predictor of postoperative CSF leaks. In fact, there were more leaks following pituitary tumor surgery than following surgery for intradural tumors such as meningiomas and craniopharyngiomas. This finding is not consistent with the existing literature, where endonasal removal of meningiomas and craniopharyngiomas has been reported to carry the highest rate of postoperative CSF leak. 22, 23 The reasons for this finding are that pituitary tumors were the most common tumor type and that we have developed effective techniques for closing the skull base after extended approaches. In our series, only the transclival approach had a higher rate of CSF leaks. This finding is also not consistent with the existing litera-ture, in which the transplanum approach accompanied by entry into the third ventricle carries the highest rate of CSF leak.
19,23 Again we attribute this to the efficacy of the gasket-seal closure that works best for the transplanumtranstuberculum approach and is less effective for the transclival approach because a bone edge is not always present for buttressing the Medpore. 8 
Etiology and Patterns of Post-ESBS Pneumocephalus as a Risk Factor for Postoperative CSF Leaks
As we have shown, pneumocephalus is fairly common after ESBS, particularly in the setting of an intraoperative CSF leak. The most common risk factors are the presence of intradural pathology, the use of extended approaches, particularly the transcribriform approach, and the use of a lumbar drain. Although one could hypothesize that the lumbar drain may cause a negative pressure gradient that would then result in further air entrapment, this is unlikely. Drains are clamped during the operations, and since we place drains only in patients harboring intradural tumors and large pituitary tumors, there is a selection bias for those patients more likely to have postoperative pneumocephalus. As for pathology, craniopharyngiomas and meningiomas are intradural, intraarachnoidal tumors, and thus a larger bone opening is created into the intracranial space. Pituitary tumors and chordomas, on the other hand, are generally extraarachnoidal and generally have less intracranial extension. Hence, the lower rate of pneumocephalus in these cases is expected.
Pneumocephalus can be located in a variety of intracranial locations, both extraaxial (epidural, subdural, subarachnoid) and intraaxial (parenchymal, intraventricular, intravascular). The tightly adherent dura mater in the epidural space rarely allows air penetration. Extraaxial air is frequently located in the thin slitlike subdural space that lacks natural adhesions; it can easily shift with changing head position, or it can even dissect along the falx and tentorium. 36 Subarachnoid air generally forms small nonconfluent bubbles of low attenuation confined to the sulci and CSF cisterns, while parenchymal air can also present with air-fluid levels on CT scans. Intraventricular air is generally located in the frontal and temporal horns and can display pathognomonic air/CSF levels. Air follows the path of minimal resistance. Its trajectory can often be predicted based on the fact that air is less dense than CSF and based on the patient's head position. Air will rise to the most superior position. Since patients undergoing ESBS are lying on their backs during the procedure and during recovery, entrained air will preferentially pass into the subdural space, as the brain falls away from the calvaria, and collect in front of the frontal lobe. Likewise, surgery that enters the third ventricle will entrain air into the ventricular system that will pass into the frontal horns: 71.5% of patients had frontal pneumocephalus while 33.3% had intraventricular air. These two areas were grouped as "benign" pneumocephalus, air accumulated during surgery that does not portend a postoperative CSF leak. On the other hand, the sella and parasellar areas and perimesencephalic cistern sit at the base of the brain, and these areas quickly fill with CSF after surgery. Only persistent air entrainment as occurs with a postoperative CSF leak directly into these areas causes air to be seen in these regions on postoperative scans. Pneumocephalus seen post-ESBS in these regions is generally small (< 1 cm) and requires continuous air infusion after ESBS via an patent skull base breach along with a pressure gradient driving the flow. Likewise, the interhemispheric fissure is a relatively tight anatomical space harboring tightly packed structures that requires persistent airflow over time to accumulate visible air. It is unclear why air over the convexity is also associated with a persistent CSF leak, but it may arise from the passage of interhemispheric air upward toward the vertex. Pneumocephalus in these more "suspicious" areas should raise the question of a persistent CSF leak. Based on the same paradigm of airflow, patterns of overlapping pneumocephalus can be explained. It is mostly observed in extended endoscopic approaches with extensive bone drilling and tissue dissection. Localized, frontal pneumocephalus is mostly observed in transethmoidal transcribriform approaches and has no clinical significance. Nevertheless, the pattern of intracranial air is in no way pathognomonic of a postoperative CSF leak and should be used alongside other diagnostic tools such as provocative bedside testing, fluid assessment for glucose and beta-2 transferrin, serial CT scans to identify progressive increases in pneumocephalus, and the presence of positional headaches.
Study Limitations
There are several statistical and design limitations to this study. The limited number of postoperative CSF leaks and the retrospective nature of the study limit the significance. However, given that we obtained postoperative images in almost all of our patients soon after surgery to determine the extent of resection, this mitigates, to some extent, the retrospective nature of the study as well as a potential selection bias. Likewise, the number of leaks will not dramatically increase with larger numbers of patients since our leak rate is much lower presently than at the beginning of our endonasal surgery experience. Another potential bias is that patients with a suspected leak were more likely to undergo CT scanning rather than MRI, and thus the appreciation of subtle bubbles of air may be higher in those patients. However, we were able to identify air readily on the MR images and did not find a marked difference in the pattern when both MR and CT images were compared in patients in whom both studies were acquired. Moreover, these studies were taken at different postoperative time points. Our analysis has shown that type and timing of imaging studies do not significantly influence the grading, virtually eliminating these 2 parameters as confounding factors. However, we have also shown that overall pneumocephalus score is indeed influenced by the time point of the postoperative scan. Given that 90% of the scans used in this study were obtained in the first 4 postoperative days, we do not consider the timing of the scan to be a source of bias. Another potential limitation is the relatively heterogeneous cohort. Rare pathologies significantly limit analysis of subpopulations. An inherent selection bias may also be invoked. Of the 73 patients excluded due to inadequate imaging studies, 37 had intraoperative CSF leaks and only 1 had a postoperative CSF leak. We also were not able to calculate a kappa statistic of interobserver reliability since the independent scores of each reviewer were not recorded but, rather, a consensus was reached at the time of assessment.
Conclusions
Pneumocephalus following ESBS is often observed on postoperative imaging and occurs in roughly onethird of patients with an intraoperative CSF leak and two-thirds of patients with a postoperative CSF leak. The rate of pneumocephalus is highest following extended approaches and in cases that involve resection of intradural tumors that frequently breach the arachnoid, such as craniopharyngiomas and meningiomas. Nevertheless, the presence of pneumocephalus, particularly in the frontal or intraventricular region, is not necessarily associated with a postoperative CSF leak. Pneumocephalus in the convexity, interhemispheric fissure, sellar, parasellar, or perimesencephalic locations is significantly associated with a postoperative CSF leak and its presence on postoperative imaging should raise suspicion of an active leak.
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